Mesenchymal stem cells (MSCs) that overexpress secreted frizzled-related protein 2 (sFRP2) exhibit an enhanced reparative phenotype. The secretomes of sFRP2-overexpressing MSCs and vector control-MSCs were compared through liquid chromatography tandem mass spectrometry. Proteomic profiling revealed that connective tissue growth factor (CTGF; CCN2) was overrepresented in the conditioned media of sFRP2-overexpressing MSCs and MSC-derived CTGF could thus be an important paracrine effector. Subcutaneously implanted, MSC-loaded polyvinyl alcohol (PVA) sponges and stented excisional wounds were used as wound models to study the dynamics of CTGF expression. Granulation tissue generated within the sponges and full-thickness skin wounds showed transient upregulation of CTGF expression by MSCs and fibroblasts, implying a role for this molecule in early tissue repair. Although collagen and COL1A2 mRNA were not increased when recombinant CTGF was administered to sponges during the early phase (day 1-6) of tissue repair, prolonged administration (415 days) of exogenous CTGF into PVA sponges resulted in fibroblast proliferation and increased deposition of collagen within the experimental granulation tissue. In support of its physiological role, CTGF immunoinhibition during early repair (days 0-7) reduced the quantity, organizational quality and vascularity of experimental granulation tissue in the sponge model. However, CTGF haploinsufficiency was not enough to reduce collagen deposition in excisional wounds. Similar to acute murine wound models, CTGF was transiently present in the early phase of human acute burn wound healing. Together, these results further support a physiological role for CTGF in wound repair and demonstrate that when CTGF expression is confined to early tissue repair, it serves a pro-reparative role. These data also further illustrate the potential of MSC-derived paracrine modulators to enhance tissue repair. Mesenchymal stem cells (MSCs), as effector cells, produce a wide array of cytokines, chemokines, adhesion molecules and other bioactive factors that affect the surrounding immune cells, endothelial cells, cardiomyocytes and fibroblasts, among others. 1,2 The basis for beneficial outcomes of cell therapy with MSCs has been attributed primarily to the stem cellderived paracrine factors on wounded tissue. 1 On the basis of initial observations in the MRL/MpJ mouse, our group demonstrated that MSCs expressing high levels of the Wnt modulator, secreted frizzled-related protein 2 (sFRP2-MSCs) promoted better granulation tissue formation in the polyvinyl alcohol (PVA) sponge model and significantly enhanced post infarct myocardial repair, compared with GFP-MSCs. 3 MSCs with elevated sFRP2 expression also increased functional parameters and decreased pathological cardiac remodeling in a murine myocardial infarct model. 3, 4 Using proteomic profiling, we sought to identify novel agents in the secretome of sFRP2-expressing MSCs and to determine whether they contributed to their reparative phenotype.
Mesenchymal stem cells (MSCs), as effector cells, produce a wide array of cytokines, chemokines, adhesion molecules and other bioactive factors that affect the surrounding immune cells, endothelial cells, cardiomyocytes and fibroblasts, among others. 1, 2 The basis for beneficial outcomes of cell therapy with MSCs has been attributed primarily to the stem cellderived paracrine factors on wounded tissue. 1 On the basis of initial observations in the MRL/MpJ mouse, our group demonstrated that MSCs expressing high levels of the Wnt modulator, secreted frizzled-related protein 2 (sFRP2-MSCs) promoted better granulation tissue formation in the polyvinyl alcohol (PVA) sponge model and significantly enhanced post infarct myocardial repair, compared with GFP-MSCs. 3 MSCs with elevated sFRP2 expression also increased functional parameters and decreased pathological cardiac remodeling in a murine myocardial infarct model. 3, 4 Using proteomic profiling, we sought to identify novel agents in the secretome of sFRP2-expressing MSCs and to determine whether they contributed to their reparative phenotype.
Proteomic profiling enables the post-translational identification of key factors involved not only in MSC biology, but also in the repair process. [5] [6] [7] Thus, we applied this technology to gain clues about the nature of secreted factors elaborated by vulnerary MSCs. We identified upregulated connective tissue growth factor (CTGF also known as CCN2) in the secretome from sFRP2-expressing MSCs.
CTGF is a secreted, matricellular protein belonging to the CCN family of serum-induced immediate-early genes. 8 This family is rich in cysteines, and its members contain four domains involved in growth factor binding, dimerization, heparin and proteoglycan binding and integrin recognition. 9 CTGF has been shown to directly bind integrin receptors and heparan sulfate proteoglycans and thus participate in signal transduction events, which lead to the regulation of cell adhesion, migration, proliferation, gene expression, differentiation and survival. 10 Owing to its ability to modulate the activities of several growth factors and cytokines, including transforming growth factor-beta (TGFb), vascular endothelial growth factor, bone morphogenetic protein, and Wnt proteins, CTGF has the potential to regulate a broad array of biological processes. 10 As CTGF is present in a wide variety of fibrotic conditions of the skin, kidney, liver, lung and other organs, [11] [12] [13] current thinking in the field suggests that it is a pro-fibrotic molecule; however, its role in wound repair remains less well defined. The results presented herein demonstrate a physiological role for CTGF that is largely restricted to the early wound healing period.
MATERIALS AND METHODS Recombinant Protein and Blocking Antibody
Human CTGF (Gibco PHG0286) Mice All procedures were carried out in accordance with Vanderbilt Institutional Animal Care and Use Committee. The CTGF lacZ/ þ (HET) and CTGF þ / þ (WT) animals have been described in reference. 14 
Surgical Interventions
PVA sponge (Medtronics Merocel, 6 mm) implantation in ventral subcutaneous pockets and retrieval were performed as previously described. 3 Two 6 mm full-thickness excisional wounds were placed on the backs of animals as previously described. 15, 16 In some experiments the MSCs (7.5 Â 10 5 ) were soak loaded before implantation with or without 25 mg of CTGF antibody (R&D systems, Mab660) or the same amount of IgG (Sigma Aldrich, I5381); both antibodies were reconstituted in PBS. Sponges were injected every day for 7 days with 10 ml of 1 mg/ml anti-CTGF or IgG. Sponges were removed 21 days after implantation and cut in half before preserving in 10% buffered formalin for 24 h after which time the sponges were embedded cut side down in paraffin and sectioned for staining. An independent cohort of wild-type Bl/6 also received excisional wounds and a donut-shaped silicone splint with a 10-mm diameter was centered on the wound and fixed to the skin using an immediate bonding adhesive and interrupted 6-0 nylon sutures. The animals were housed separately after the surgery and were killed at the established temporal intervals.
Cells
Primary MSCs were generated from pooled bone marrow from three mice as previously described. 17 For sFRP2 overexpression, MSCs were infected with retrovirus constructs LZRS-sFRP2-GFP (sFRP2-MSCs) or LZRS-GFP (GFP-MSCs) as control as previously described. 3 GFPpositive cells were sorted using BDFACS Aria (manufacturer) at 2 days after transduction. At least four independent, stable lines were tested. Sorted cells were used for a maximum of five passages.
TCA-Precipitation of Conditioned Media
Freshly sorted sFRP2-MSCs and GFP-MSCs were plated onto 10 cm dishes in complete medium and allowed to reach 85% confluency. Media were removed and the plates were washed with phosphate buffered saline (PBS) before the addition of 10 ml of serum-free medium. The serum-free conditioned media (CM) were collected after 48 h, passed through 0.2 mm filter and stored at À 20 1C. Two hundred fifty microliter of trichloroacetic acid (TCA; Sigma T6399, 100% w/v) was added to 1 ml of CM to precipitate the proteins followed by centrifugation (14 000 g for 30 min). The pellets were washed twice with 500 ml of ice cold acetone.
Proteomic Analysis
Tandem mass spectrometry allows for the interrogation of a large pool of unknown peptides when coupled with fractionation by liquid chromatography (LC). 18, 19 Bioinformatics software such as IDPicker facilitates the identification process of candidate proteins, as it employs decoy database searches to compute the false discovery rate of raw identifications and combines multiple scores to increase confident identifications of proteins from the tryptic peptides without requiring any statistical distribution inference or machine learning. TCA-precipitated protein pellets from the CM were trypsin digested. Strong cation exchange chromatography was used to separate the peptide mixture into fractions, which were then individually analyzed by the Vanderbilt University Mass Spectometry Research Center Proteomics core. Multidimensional LC-tandem mass spectrometry were performed as described 20 on four biological replicates of CM from both sFRP2-MSCs and GFP-MSCs. Data were analyzed using the bioinformatics software IDPicker v2.1 as previously described. 21 Immunoblotting TCA-precipitated protein pellets from 1 ml of CM were resuspended in PBS. After BCA protein assay (Pierce) proteins were resolved by SDS/PAGE and transferred to nitrocellulose. Membranes were incubated with primary antibody diluted in 5% milk-TBST at 4 1C overnight. A species-specific secondary antibody conjugated to HRP was used and chemiluminescence (PerkinElmer, NEL104) was detected by film. ImageJ version 1.38 Â (National Institutes of Health) software was used for densitometry analysis of the appropriate lanes.
In the absence of a specific and well-accepted protein loading control for secreted protein, we used cell number and total protein for normalization.
RNA Isolation and Quantitative Real-time PCR
Trizol reagent (Invitrogen) was used to obtain RNA. cDNA was synthesized (iScript, Bio-Rad) and quantitative real-time PCR for CCN2 and COL1A2, was performed in triplicate for each sample (C1000 Thermal Cycler, Bio-Rad; CFX96 Realtime PCR Detection System, Bio-Rad; SsoFastEvaGreen Supermix, Bio-Rad). Reactions were normalized to 18S RNA.
Immunofluorescence
Sponges and/or excisional wound sections on slides were deparaffinized and blocked with 10% goat serum for at least 1 h at room temperature. Tissue sections were incubated in primary antibody to CTGF (NOVUS NB100-724) with 3% goat serum for at least 2 h at room temperature at a dilution of 1:100. After washing, secondary antibodies, conjugated to Cy3, were incubated overnight at 4 1C at a dilution of 1:500. After washing, coverslips were affixed onto slides using Vectashield Hard Set Mounting Medium with DAPI, which contains 4 0 ,6-diamindion-2-phenylindone to illuminate nuclei (Vector no. H-1500).
Histology and Morphology PVA sponges were bisected and embedded with cut surface down for histology. Masson's trichrome or Ki67 immunostaining for detection of proliferative cells was performed on sponge sections. Five random images from each section were photographed with a CoolSNAP Hq CCD camera (Photometrics). The granulation tissue area for each field was quantified using MetaMorph (Molecular Devices Corporation, Sunnyvale, CA, USA) by outlining tissue and calculating total area per field. The excisional wound tissue was excised along with a 2-mm border. Each wound was bisected and embedded with cut surface down. Masson's trichrome and H&E staining were performed on wound sections. A semi-quantitative, blinded, histopathological scoring of collagen organization was performed on trichrome-stained sections. Scoring scale of 0 was given to sections with sparse collagen with poor collagen organization. A grade of 1 was assigned with a normal collagen content and organization. A grade of 4 was given when collagen content was increased over that expected for a freshly closed wound. A grade 2-3 was given when collagen content and organization ranged between 1-4.
Inclusion of Human Burn Wounds
Human burn wounds provided an avenue for confirmation that CTGF dynamics were similar in both mice and humans. Although burn depth, the degree of body surface area involvement, body region, comorbidities and ages of patients are highly variable, the routine excision and discarding of burned skin provides margins containing an ample source of acutely healing human tissue. Burn tissues were collected in accordance with an approved protocol from Vanderbilt's Institutional Review Board. Once patients provided consent for use of discarded tissue, healing burn margins (over regions of partial-thickness injury) were carefully culled from regions of full-thickness burn injury when the dermatome was used to excise rectangular areas of damaged skin in preparation for split-thickness. Such samples were fixed in 10% neutral buffered formalin, embedded in paraffin, sectioned and subjected to CTGF immunostaining. Our collections included samples from the early stages of repair after burn injury at 3, 4, 5, 6, 7 (N ¼ 3 each) and 8 days (N ¼ 1) and from the later stages of repair at 11, 16, 17 and 20 days (N ¼ 3 each) after injury. Areas of full-thickness injury were histologically excluded based on examination of hematoxylin and eosin sections.
Statistical Analysis
The statistical significance between experimental groups and control were determined by Student's t-test or analysis of variance followed by Newman-Keuls multiple comparison test, unless otherwise noted, using GraphPad Prism (San Diego, CA, USA). Graphs show Mean±s.d. and Po0.05 is statistically significant.
RESULTS

Proteomic Analysis of MSC CM Reveals Important Gene Ontology Changes
Many groups have speculated that the positive effects of MSCs on wound repair rely on their ability to produce soluble factors that enhance the repair process (reviewed in Gnecchi et al 1 ). Previous work from our lab employed two MSC populations to assess in vivo repair. MSCs were transduced with a control retroviral vector (GFP-MSCs) or with the same vector containing sFRP2 (sFRP2-MSCs). Both our work and work from another laboratory demonstrated increased reparative ability of sFRP2-expressing MSCs. 3, 4, 22 sFRP2-MSC-treated wounds displayed increased angiogenesis and granulation tissue formation, 3 an effect that we hypothesized was secondary to the MSC secretome.
To determine whether secreted proteins were enhancing the reparative ability of the sFRP2-MSCs, the CM of four independent GFP-MSC and sFRP2-MSC isolates were obtained after growth in serum-free media for 48 h. The samples underwent limited proteolysis and the resultant peptides were subjected to bioinformatic analysis as described. This approach enabled us to identify MSC secreted proteins that may mediate the observed effects of sFRP2-expressing MSCs on wound healing.
The cellular compartment localization of the positively identified proteins was assigned using uniProtKB (http:// www.uniprot.org/) and used as a filter for further analysis; only proteins found in the extracellular space were retained. The gene ontology information of the overrepresented proteins in the sFRP2-MSC CM revealed an interesting trend towards cellular growth (7%), differentiation (15%), protein homeostasis (22%), growth factors/signaling (24%) and adhesion (32%). The complete list of sFRP2-MSC overrepresented, secreted proteins and their gene ontology information can be found in the Table 1. CTGF is Upregulated in sFRP2-MSCs CTGF had the highest relative abundance when comparing the sFRP2-MSC and GFP-MSC secretomes (4.33-fold), although the coverage for this protein was only 19% with 16 total hits. Table 1 lists all identified proteins with higher expression in sFRP2-MSCs. The CTGF molecule was prominent within the growth factor gene ontology classification. As its presence has been previously documented in wounds, 23, 24 it became an interesting candidate for further validation.
The overexpression of CTGF was supported by quantitative real-time PCR (qRT-PCR) analysis of three different sFRP2-MSC isolates compared with their GFP-MSC counterparts. sFRP2-MSCs had a 14.3±1.3-fold increase of CTGF transcripts compared with control cells (Pr0.05 by Student's t-test; Figure 1a ). This difference in CTGF mRNA levels was also in concordance with data observed at the protein level. As seen in Figure 1b , immunoblotting of TCA-precipitated sFRP2-MSC CM revealed an overall increase in CTGF compared with GFP-MSC CM (2.6±0.8-fold by densitometry). The difference in relative expression at the transcript and secreted protein level could be explained in different ways. First, cytoplasmic fraction was not analyzed. Second, as CTGF binds extracellular matrix proteins, only a portion may be present in the soluble CM. Finally, the translational and post-translational regulation of CTGF is largely uncharacterized, and these processes influence the actual synthetic rate. Regardless, significant upregulation of CTGF in sFRP2-MSCs was consistently confirmed at both the RNA and protein levels, and this matricellular protein may contribute to the vulnerary effects of sFRP2-MSC.
CTGF is Involved in the Early Stages of the Wound Repair Process
A sustained increase in CTGF within a wound is usually equated with pathological conditions especially fibrosis. [11] [12] [13] However, we observed an increased CTGF production in an MSC population, which have been previously demonstrated to enhance reparative outcomes. 3 To assess whether CTGF would have an effect in wound repair, we used the PVA sponge model of granulation tissue formation. 3, 25, 26 Before implantation, the PVA sponges were soak loaded with either GFP-MSCs (n ¼ 18), sFRP2-MSCs (n ¼ 18) or saline control (n ¼ 9). The sponges were implanted subcutaneously into WT mice. Animals were killed after sponge implantation at day 7 (n ¼ 3), after day 15 (n ¼ 3) and after day 28 (n ¼ 3). RNA was isolated from each sample and qRT-PCR analysis was performed to assess the levels of CTGF. Independent of sponge treatment (ie, even in the absence of MSCs), CTGF transcript levels were the highest at the earliest time point examined (day 7; Figure 1c ), and they decreased with time. CTGF protein accumulation, as assessed by indirect immunofluorescence, was evident in both MSCs (identified by GFP co-localization, data not shown) as well as infiltrating host fibroblasts (Figure 1d ). These observations correlated with the CTGF transcript levels found in control sponges (data not shown). These data suggested that new granulation tissue formed in the implanted sponges, whether derived entirely from infiltrating host cells (saline control loaded sponges) or those preloaded with MSCs (GFP or sFRP2) demonstrated relatively early expression of CTGF. The regulation of endogenous CTGF expression observed (highest at day 7 and decreasing thereafter) in this subcutaneously implanted model of granulation tissue matches what has been previously reported in the excisional repair of mouse skin. 23 
CTGF Function-Blocking Antibody Given in Early Repair Phase Reduces Quantity and Quality of MSC-derived Experimental Granulation Tissue
To determine the physiological role and importance of CTGF in MSC-derived granulation tissue, we implanted MSCloaded PVA sponges subcutaneously in mice as described above, admixed with either 25 mg of CTGF-blocking antibody or IgG isotype control antibody. Twenty-four hours following implantation, each sponge was injected daily with 10 mg of anti-CTGF-blocking antibody or the same amount of IgG control (n ¼ 4 in each group) for seven consecutive days. After euthanasia at day 21, sponges were removed for histological analysis. The administration of function-blocking antibodies during the early phase of granulation tissue formation resulted in less granulation tissue over a given cross-sectional area (31.3 ± 3.8% vs 40 ± 2.3%, Po0.05; Figure 2b ), and the granulation tissue contained less organization (increased fibrinous exudate, pauci-cellular with poor matrix deposition) than those treated with control IgG (Figures 2a top and middle panels and 2b). Higher magnification evaluation of the granulation tissues observed in sponges treated with blocking CTGF antibody confirmed decreased cellularity and with fewer erythrocyte-containing large vessels than control (Figure 2a middle panels) . Indeed, the granulation tissue generated after 7 days of anti-CTGF antibody administration was comparatively less vascularized as determined by density of PECAM-1 immunopositive vascular structures (Figures 2a,  bottom panels and 2c) . Together, these data demonstrate that physiological expression of CTGF during the early wound healing phase has a positive role in generating mature, wellorganized and vascularized granulation tissue.
Early Exposure to CTGF is not Pro-Fibrotic While Prolonged CTGF Enhances a Proliferative, Collagenous Granulation Tissue in non-Stem Cell-Derived Granulation Tissue We evaluated the effect of CTGF on granulation tissue formation independent of MSC influence by testing whether direct injection of the recombinant CTGF (rCTGF) into sponges in the absence of MSCs could affect wound repair. To determine the effect of the timing of CTGF availability, C57Bl/6 wild-type mice (n ¼ 6) were subcutaneously implanted with two sponges in the abdomen. Each sponge received rCTGF injections (1 mg/sponge in 10 ml) or saline (adjacent control) every other day for 6, 15 or 28 days. There were six sponges per treatment group. All the animals were killed after 28 days. No differences were found in the relative amount of granulation tissue area that accumulated in the sponges treated with rCTGF vs saline control for 6 days (top panels, Figure 3a ), whereas the sponges that received rCTGF over a 28-day period had much more granulation tissue that had abundant collagen deposition relative to the saline control (bottom panels, Figure 3a) . Interestingly, the amount of collagen deposition (trichrome-positive material) in the sponges treated with rCTGF for 6 days appeared to be somewhat less than control, whereas the 28-day-treated sponges demonstrated vastly more collagen deposition than control sponges.
To quantify the effect of rCTGF exposure time on fibrosis, we performed qRT-PCR analysis and measured transcript levels for COL1A2 (Figure 3b) . Compared with the saline control, collagen mRNA levels decreased if rCTGF was added through the earlier stages of the wound repair process, reaching a minimum after 15 days of treatment. However, when rCTGF administration was extended to 28 days, the collagen mRNA levels doubled compared with control sponges (1.9 ± 1.2-fold, Po0.05). The proliferation of granulation tissue after prolonged rCTGF exposure regimes was evaluated by Ki67 immunohistochemistry. Figure 3c shows that rCTGF delivered for 28 days significantly increased proliferation (0.48±0.23 vs 0.19±0.09, Po0.05) of fibroblast-type cells within granulation tissue. Together, these results correlate with the idea that prolonged, but not transient, exposure to CTGF promotes an activated fibroblast population. 27, 28 We next used an open murine excisional, stented wound model to examine the pattern of CTGF expression in a physiological model of wound healing. Prior studies have examined CTGF expression in rapidly contracting, fibrotic models. Our plan was to use an animal model that more closely resembled the repair kinetics that are present in humans. The representative (n ¼ 4 for each time point) panels in Figure 3d illustrate the presence and distribution of CTGF within both epidermis and dermis using indirect immunofluorescence. Although the staining was very weak at day 4, by day 7-14, there was robust staining of CTGF. At day 28 CTGF staining was weak to absent. These data suggest that CTGF expression in a model of physiological wound healing follows a time course consistent with the subcutaneous granulation tissue model. CTGF is strongly upregulated after the inflammatory phase and diminished as wound healing nears completion.
CTGF LacZ/ þ Mice do Not Exhibit Reduced Healing or Fibrosis in Healing of Excisional Wounds
We observed a physiological regulation of CTGF during normal wound healing above in both models. On the basis of these data, we would predict that reductions in CTGF in the course of 'normal' (ie, not a fibrotic wound model) should not result in reduced fibrosis and may even impair healing. To test this possibility, we analyzed the wound repair capabilities of haploinsufficient animals (CTGF LacZ/ þ , HET) with reduced CTGF, and compared them with their wild-type littermates (WT). Constitutive CCN2 deletion results in lethal, perinatal respiratory failure. 14, 29 Full-thickness excisional wounds were created with a biopsy punch 15 on the backs of WT and HET animals. Animals were sacrificed after 7, 10 or 14 days following surgical intervention. The wound repair capabilities of the mice were assessed using a histopathological scoring system that rated: collagen content/organization, granulation tissue maturation, inflammation, epithelialization and vascularization. A portion of each wound was used to isolate total RNA. Real-time RT-PCR analyses for CTGF transcripts were performed for all time points. The wounds obtained from HETs exhibited 15 ± 5.3%, 38 ± 8.4% and 43 ± 4.5% reduction in CTGF transcripts relative to WT levels at days 7, 10 and 14, respectively, after wounding. All histological evaluations were performed in a blinded fashion, and the scoring is shown in Figure 4 . Representative images from this experiment are found in Figure 5 . Day 7 HET wounds demonstrated a statistically significant increase in collagen content/organization, granulation tissue and decreased inflammation relative to WT (Figures 4a and 5a) . However, there were no differences in the amount of granulation tissue, vascularity, epithelialization at 10 days post injury (Figures 4b and 5b) . Collagen content and all other parameters were statistically equivalent by day 14 (Figures 4c and 5c) . In contrast to our immunoinhibition findings, these data indicated that a B50% reduction in CTGF transcript levels is not sufficient to alter wound collagen deposition/fibrosis in a normal wound healing situation.
CTGF is Transiently Expressed in Human Burn Wounds
We explored the corresponding distribution and abundance of CTGF/CCN2 in the acute human wound setting, as loose skinned mammals, such as the mouse, exhibit markedly different scar forming properties. We analyzed the temporal sequence and spatial distribution of representative samples of human partial-thickness (2 o ) burn wounds at four time intervals post injury (days 3-4, days 5-6, 7-8 and 11-20) using immunohistochemistry. The representative panels displayed in Figure 6a illustrate the presence and distribution of CTGF- Murine stented excisional wounds were immunolabeled for CTGF. Representative images stained for CTGF in red and DAPI in blue demonstrate a spike in CTGF protein levels after day 4 (days 7-14). The staining was faint to absent at day 28. Both epidermal and dermal staining can be appreciated at days 7 and 14.
positive cells within healing areas of human burn wounds. Figure 6b displays the threshold analysis estimating the total amount of CTGF signal from all the images that were included in this study. By the earliest time points in this study (the day 3-4 range) minimal to no immunoreactivity was noted in either the epidermis or scattered dermal populations. By days 5-6, the CTGF expression modestly increased and immunoprecipitate was visible in the upper, more differentiated layers of the hypertrophic epidermis at the wound edge and in a few scattered CTGF þ cells in the underlying dermis. The CTGF signal was highest at the day 7-8 range in the healing wound areas in our sampling. Prominent CTGF immunolabeling was noted in the epidermal keratinocytes (E) within a hair follicle that was growing upward and spreading laterally to the resurface of the site of injury. An abundance of CTGF-positive dermal cells were present in the healing region of this superficial burn. By the later day 11-20 interval, the CTGF signal was once again diminished; specimens were consistently weak and diminished compared with the staining observed in the day 8 burn tissue. The dramatically decreased levels of CTGF at the later time points (days [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] , provide evidence that CTGF levels are dynamically modulated and are rapidly attenuated in normal healing, consistent with the findings in acute mouse wounds. Pathological scarring could require the persistence or resurgence of CTGF, possibly as a result of TGF-b signaling. Although the presence of CTGF in dermal cells was expected, the spike in CTGF in keratinocyte populations in both the differentiated cells in the interfollicular and follicular epidermis has not been previously reported.
DISCUSSION
Proteomic analysis of CM from MSCs revealed that CTGF/ CCN2 was increased in the sFRP2-expressing MSCs that previously had been shown to improve wound repair. 3 Our observation of elevated CTGF in early healing contrasts the many reports that have focused on the strong association of CTGF with negative reparative sequelae such as fibrosis and impaired healing and the ongoing development of CTGF antagonists to control post-surgical scarring. [11] [12] [13] 30 Increased levels of TGF-b, which is also implicated in fibrotic repair, precede CTGF induction after wounding, suggesting that CTGF is downstream of TGF-b signaling. 23, 31 Although addition of CTGF alone can induce matrix deposition, several reports have reported that the fibrotic effects of CTGF are more robust if TGF-b is present in the system. 28, 32, 33 Indeed, others have previously reported that administration of anti-CTGF ameliorates TGF-b-induced fibrosis in mice. 34 The results herein do not contradict the pathological role of CTGF but rather emphasize the importance of timing, duration and levels on the effects of CTGF in wound repair. This is an important point that must be considered in the design of efficacious pharmacological interventions. The PVA model of granulation tissue formation was a useful experimental tool that showed the induction of CTGF transcripts 7 days post implantation in both MSC-derived/assisted and host-derived mouse granulation tissues. This rise in transcripts preceded maximum protein levels at 15 days. The expression of CTGF declined in both MSC-and non-MSCderived (host-derived) granulation tissues by 28 days. These data illustrate the dynamic modulation of CTGF during the acute period of healing. Consistent with the descriptive data, we demonstrated that immunoinhibition of CTGF early in the process of experimental granulation tissue formation by a function-blocking antibody reduced both the quantity and quality of MSC-derived experimental granulation tissue. These data support a positive role for CTGF in early phases of the repair process.
The subcutaneous wound repair model also showed that a higher level of rCTGF at early time points had no deleterious effects on the wound process. Early, repeated CTGF administration at a nominal dose did not increase granulation tissue collagen content. Hence, early supplementation of CTGF may have a beneficial therapeutic impact in impaired wound healing by modulating tissue vascularity and matrix formation. Prolonged CTGF administration led to increased granulation tissue with much higher levels of collagen deposition (ie, fibrosis) in sponge implants. We speculate that pathological fibroblast activation is only achieved after a threshold CTGF level is reached and sustained the latter, remodeling phase of (cutaneous) repair. 35 The kinetics of tissue repair include three major phases: the inflammatory, the proliferative and the remodeling/maturation. 36 Our findings suggest that the early, transient upregulation of CTGF in the wound repair process promotes normal repair. Our data show physiological expression of CTGF during the proliferative phase. A similar regulation in the levels of CTGF after injury has been documented elsewhere. 23 However, if CTGF levels persist during the remodeling phase of wound repair and fibrosis ensues. [11] [12] [13] Previous studies have demonstrated a positive role of CTGF in the wound repair process. For example, recombinant human CTGF (10-100 ng/cm 2 ) was added to non-human primate burn wounds for 19 days following wounding. Two weeks after CTGF administration, the wound tissue generated orderly healing fibers at the burn site, accompanied by an increased proliferative response. Compared with the control group, the CTGF-treated group had a significantly smaller wound area. 37 CTGF added to MSC cultures caused a loss of expression of MSC markers, a decrease in MSC tri-lineage differentiation and an increase in collagen deposition. In vivo administration of CTGF favored fibrogenesis rather than ectopic mineralization in rodent connective tissue healing. 27 These results are interesting since they demonstrate a positive role for CTGF in MSC-directed wound repair.
Our data offer further evidence that CTGF has a physiological role during cutaneous wound repair in both mice and humans. The specific role for this molecule in this setting is still unknown. However, our data hint at two possibilities: regulation of fibroblast proliferation and phenotype/differentiation as well as regulation of vascular cell populations. The differences in the amount of collagen accumulation in response to varying CTGF exposure time may be due to increased matrix production by all fibroblasts or a preferential activation of an alpha smooth muscle actin-positive myofibroblast subpopulation. 38 In addition, the large decrease in vascular density observed with CTGFblocking antibody suggest that CTGF is necessary to maintain an appropriate angiogenic process within wounds. CTGF has been shown to affect endothelial cell numbers in other settings. 29, 39 More work on the cellular events affected by CTGF during early wound repair is necessary to fully explore the apparent bimodal activity of this molecule. There are few reports that also suggest differential effects of CTGF with different levels of expression. 39 The finding that CTGF is upwardly modulated in differentiated keratinocytes in both mice and humans suggests additional roles for this molecule that extend beyond its role in fibroblast-mediated fibrosis.
This report is not the only one to document the expression of CCN family proteins in early wound repair processes. CTGF transcript levels were shown to reach the highest level of expression 2 h post partial hepatectomy in a murine model of liver regeneration. 31 Hilfiker-Kleiner et al 40 found that following injury, cardiomyocytes are a major source of CCN1 suggesting that CCN1, in concert with vascular endothelial growth factor and other proangiogenic factors, may be part of the paracrine program, which promotes angiogenesis in the injured heart. During cutaneous wound healing CCN family proteins were found within the granulation tissue directly expressed by fibroblasts 23, 41, 42 or released from the alpha granules of platelets. 43, 44 In a rabbit model, it was shown that partial inhibition of CTGF did not affect wound closure or granulation tissue at late time points, 45 consistent with our findings in the CTGF þ /lacZ mouse, in which reduction in granulation tissue was observed at early time points but not at later time points. Other work suggests that CTGF is involved in pericyte adhesion and endothelial basement membrane formation during angiogenesis. 46 CCN1 and CCN2 support the adhesion of activated platelets through direct binding to integrin a IIb b 3 , 47 and serve as substrates to monocytes through integrin a M b 2 . 48 Our study suggests that the MSC secretome may stimulate favorable healing outcomes by regulating the expression of an important factor that tissue regulates repair and fibrosis. Ultimately, a better understanding of the physiological effects of CTGF in multiple clinical settings will help develop stage-specific strategies to augment or inhibit CTGF and thus improve healing while minimizing fibrosis.
